Vitamin D Receptor Mediates DNA Repair and Is UV Inducible in Intact Epidermis but Not in Cultured Keratinocytes  by Demetriou, Stephanie K. et al.
REFERENCES
Clayton E, Doupe DP, Klein AM et al. (2007) A
single type of progenitor cell maintains
normal epidermis. Nature 446:185–9
Doupe DP, Jones PH (2012) Interfollicular homeo-
stasis: dicing with differentiation. Exp Derma-
tol 21:249–53
Doupe DP, Klein AM, Simons BD et al. (2010) The
ordered architecture of murine ear epidermis
is maintained by progenitor cells with ran-
dom fate. Dev Cell 18:317–23
Ghadially R (2011) 25 Years of epidermal stem
cell research. J Invest Dermatol 132:797–810
Ito M, Liu Y, Yang Z et al. (2005) Stem cells in the
hair follicle bulge contribute to wound repair
but not to homeostasis of the epidermis.
Nat Med 11:1351–4
Jones P, Simons BD (2008) Epidermal homeostasis:
do committed progenitors work while stem
cells sleep? Nat Rev Mol Cell Biol 9:82–8
Jones PH, Simons BD, Watt FM (2007) Sic transit
gloria: farewell to the epidermal transit
amplifying cell? Cell Stem Cell 1:371–81
Kaur P, Potten CS (2011) The interfollicular stem
cell saga: sensationalism versus reality check.
Exp Dermatol 20:697–702
Klein AM, Doupe DP, Jones PH et al. (2007)
Kinetics of cell division in epidermal main-
tenance. Phys Rev E Stat Nonlin Soft Matter
Phys 76:021910
Klein AM, Doupe DP, Jones PH et al. (2008)
Mechanism of murine epidermal mainte-
nance: cell division and the voter model.
Phys Rev E Stat Nonlin Soft Matter Phys
77:031907
Levy V, Lindon C, Harfe BD et al. (2005) Distinct
stem cell populations regenerate the follicle
and interfollicular epidermis. Dev Cell
9:855–61
Loeffler M, Potten CS, Wichmann HE (1987)
Epidermal cell proliferation. II. A compre-
hensive mathematical model of cell proli-
feration and migration in the basal layer
predicts some unusual properties of epider-
mal stem cells. Virchows Arch B Cell Pathol
Incl Mol Pathol 53:286–300
Potten CS (1975) Epidermal cell production rates.
J Invest Dermatol 65:488–500
Potten CS, Major D (1980) Repeated injection
(continuous labelling) experiments in mouse
epidermis. J Theor Biol 82:465–72
Snippert HJ, Clevers H (2011) Tracking adult stem
cells. EMBO Rep 12:113–22
Vitamin D Receptor Mediates DNA Repair and Is UV
Inducible in Intact Epidermis but Not in Cultured
Keratinocytes
Journal of Investigative Dermatology (2012) 132, 2097–2100; doi:10.1038/jid.2012.107; published online 12 April 2012
TO THE EDITOR
Although providing a powerful ap-
proach for studying epidermal biology,
cultured keratinocytes may imperfectly
model a three-dimensional epidermis in
which cells are architecturally ordered.
We report two important examples of
the limitations of cultured keratinocytes
in understanding vitamin D receptor
(VDR) photobiology in murine skin.
Recently, the vitamin D signaling path-
way has been implicated in skin cancer
prevention through its role in cellular
responses to UVB radiation–induced
DNA damage, and demonstrations
that VDR/ mice are susceptible
to UVB-induced epidermal tumors
(Ellison et al., 2008; Quigley et al.,
2009; Mason et al., 2010; Teichert
et al., 2011). VDRs transactivation of
certain genes is also mediated by a
subunit of the nucleotide excision
repair (NER)/transcription factor, TFIIH
(Drane´ et al., 2004), further suggesting
a potential interaction between VDR
and DNA repair.
We examined the dependence of
NER on VDR in detail in several model
systems. First, wild-type and VDR/
mice (Teichert et al., 2011) were
irradiated with UVB, and removal of
the most common UVB photoproduct,
the cyclobutane pyrimidine dimer
(CPD), was monitored by immunofluor-
escence. At 1 hour post UVB, both
wild-type and VDR/ mice exhibited
significant CPD levels in epidermal
keratinocytes (Figure 1a). In wild-type
epidermis, CPDs were markedly dimin-
ished by 24 hours and undetectable
by 48 hours post UVB. In contrast, in
the VDR/ epidermis, CPDs persis-
ted at 24 hours, and were still clearly
detectable at 48 hours, indicating
impaired NER. CPD quantification in-
dicated that even as early as 1 h post
UV, the wild-type epidermis had
fewer CPDs than the VDR/ epidermis
(Figure 1b).
To facilitate quantitative analysis,
we also explored the role of VDR in
DNA repair in vitro. Keratinocytes
cultured from mice bearing floxed
VDR and expressing cre recombinase
did not significantly express VDR re-
lative to control cells (Figure 1c and d).
UVB-irradiated cells were assayed for
CPDs and the pyrimidine(6,4)pyrimi-
done photoproducts (6–4PPs) using a
standard immunoblot assay (Yeh
and Oh, 2002). In vitro, where it was
possible to harvest cells within seconds
following irradiation, no differences
in initial CPD or 6–4PP levels were
discernible between wild-type and
VDR-negative keratinocytes (Figure
1e), and both cell types were comple-
tely deficient in global genomic NER of
CPDs over 48 hours, although equally
proficient in repair of 6–4PP (Figure 1f
and g). These results agree with pre-
vious observations that cultured rodent
cells possess poor global genomic NER
of CPDs (Tang et al., 2000).
We then studied explanted epider-
mal sheets that better preserve skin
architecture than do cultured cells
while providing a more easily manipul-
able model system for quantitatively
assessing VDR effects than whole ani-
mals. Following harvest (Teichert et al.,
Abbreviations: CPD, cyclobutane pyrimidine dimer; NER, nucleotide excision repair; VDR, vitamin D
receptor
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2011), explants from mice bearing
floxed VDR and cre were irradiated
through the stratum corneum and incu-
bated for 46 hours before measurement
of photoproducts by immunoblot assay.
Floxed VDR explants expressing cre
were significantly deficient in both
CPD and 6–4PP repair (Figure 1h and
i). Hydroxyurea treatment did not sig-
nificantly affect CPD levels at 46 hours,
indicating that the observed CPD loss
reflected true repair rather than dilution
of DNA damage through replication,
consistent with a lack of proliferating
cell nuclear antigen staining in explants
(data not shown).
VDR has also been reported to be
UVB inducible in vivo (Mallbris et al.,
2005; Hong et al., 2008; Lesiak et al.,
2011), whereas others have reported
that VDR is downregulated by UVB
in vitro (Courtois et al., 1998). We
studied this difference in behavior in
our mouse model systems. Irradiation of
wild-type mice induced epidermal VDR
mRNA levels 2- to 3.5-fold by 24 hours
(Figure 2a). In epidermal explants
derived from wild-type mice, UVB
induced VDR mRNA 46-fold by
24 hours, and sustained that level over
48 hours (Figure 2b). As anticipated,
VDR-negative explants exhibited unde-
tectable VDR expression. These results
indicate that UVB strongly induces
VDR expression, consistent with
in vivo mouse and human data. In
contrast, cultured mouse keratinocytes
only weakly induced VDR mRNA ex-
pression following UVB (Figure 2c).
Consistent with prior results from cul-
tured human keratinocytes, VDR pro-
tein levels increased only slightly at low
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Figure 1. Vitamin D receptor (VDR) supports nucleotide excision repair (NER) in intact epidermis but not in cultured keratinocytes. (a) After 4,000 J m2
UVB, 2-day-old wild-type (C57BL/6) and VDR/ mouse skin was harvested and stained at varying times with primary anti-CPD (cyclobutane pyrimidine
dimer) antibodies (1:1,000, Cosmo Biosciences, Tokyo, Japan) and fluorescein-labeled secondary antibodies. (b) Mean anti-CPD fluorescence signal 1 hour post
UV. (c, d) VDR expression in floxed VDR keratinocytes expressing cre recombinase (cre) or luciferase (con) under K14 promoter control assayed by (c) real-time
(RT)-PCR normalized to L19 expression or (d) western blotting (Teichert et al., 2011). (e–g) Floxed VDR keratinocytes expressing cre or control cells were
irradiated with 177 J m2 UVB, and (e) assayed immediately or (e, f) over time for CPDs and (e, g) pyrimidine(6,4)pyrimidone photoproducts (6–4PPs).
(h, i) Epidermal explants from 2-day-old mice with floxed VDR expressed control luciferase (con) or cre under K14 control. (h) Following 354 J m2 UVB,
explants were assayed for CPDs and (i) 6–4PPs at 0 or 46 hours. (h) A subset of control (conþ hydroxyurea (HU)) and VDR knockout (creþHU) explants were
treated with HU before and after UVB. Higher UVB doses for explants were needed to generate CPD levels comparable to those in cultured cells, likely due to
scattering/reflection in whole epidermis.
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UVB doses and then actually appeared
to decrease at moderate doses,
although the observed differences at
all UVB doses were not statistically
significant (Figure 2d).
These results confirm that VDR is
strongly induced by UVB in intact
epidermis, consistent with its role in
promoting NER (Ellison et al., 2008).
These activities, however, are not re-
flected in cultured keratinocyte mono-
layers. Similarly, sonic hedgehog is
expressed and repressed by vitamin D
in epidermal explants but not in cul-
tured keratinocytes (Teichert et al.,
2011). Cultured rodent cells have been
commonly regarded as being defective
in CPD repair; this phenotype has been
ascribed to rodent cells’ inability to
express DDB2, which encodes a DNA
damage recognition protein (Tang et al.,
2000; Hanawalt, 2001; Tan and Chu,
2002). However, qualitative studies of
DNA repair in intact epidermis typically
demonstrate that repair of epidermal
CPDs appears to proceed efficiently
(Figure 1 and e.g., reference Mitchell
et al., 1990), suggesting that DDB2
expression is actually not limiting in
intact mouse epidermis. It has also been
reported that cultured mouse keratino-
cytes but not fibroblasts are actually
repair proficient and express DDB2
(Pines et al., 2009). Interestingly, this
prior study utilized keratinocytes grown
on a layer of fibronectin and collagen,
and it is possible that extracellular
matrix or intercellular interactions or
another as yet undefined tissue-related
factor may specifically modulate NER
activity in epidermal keratinocytes.
In summary, VDR is a UVB-induci-
ble gene that critically supports NER
activity in intact murine epidermis, but
these activities are poorly recapitulated
in keratinocytes cultured from the same
animals. The use of epidermal explants
may represent an approach that
preserves the biological behavior of
epidermis while providing a facile
substrate for detailed molecular studies
more commonly associated with cul-
tured cells.
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Figure 2. UV induction of vitamin D receptor (VDR) in intact epidermis but not in cultured
keratinocytes. (a) Wild-type mice were irradiated with increasing UVB doses, and the epidermis was
harvested at 24 hours for VDR mRNA levels by real-time (RT)-PCR, normalized to L19 expression.
(b) Epidermal explants from wild-type (WT, K) and VDR/ (’) mice were irradiated with 354 J m2
UVB, and assayed at 0, 24, and 48 hours for VDR mRNA levels, normalized to GAPDH expression.
(c, d) Cultured keratinocytes from floxed VDR mice expressing control (K) or cre (’) were irradiated
with increasing UVB doses, and assayed for VDR expression by (c) RT-PCR, normalized to GAPDH
expression and (d) western blotting, normalized to actin expression.
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Type 1 Segmental Galli-Galli Disease Resulting from a
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TO THE EDITOR
Galli-Galli disease (GGD; Online Men-
delian Inheritance in Man (OMIM) not
assigned) is a rare autosomal dominant
disorder with variable penetrance and
frequently sporadic occurrence. The
disease was first described in two
brothers and named after them (Bardach
et al., 1982). Nowadays GGD is as-
sumed to be a variant of Dowling-Degos
disease (DDD) as it is allelic with DDD
(OMIM 179859) (Braun-Falco et al.,
2001; Sprecher et al., 2007). DDD is
an autosomal dominant disorder char-
acterized by hyperpigmented macules
distributed in a generalized reticulate
pattern, particularly affecting the flex-
ures. GGD and DDD share the clinical
features of reticulate or patchy hyper-
pigmentation, mainly in flexural areas,
but distinction has been made by
histological examination (El Shabrawi-
Caelen et al., 2007b). Both of them are
characterized by downward prolifera-
tion of digitate rete ridges. Nonetheless,
in GGD focal acantholysis and supra-
basal lacunae may be observed, features
classically not associated with DDD
(El Shabrawi-Caelen et al., 2007a; Muller
et al., 2009). This distinction has re-
cently been questioned by Hanneken
et al. (2010), who demonstrated that
many cases diagnosed as DDD showed
epidermal acantholysis. It could be
argued that the point of time of the
biopsy determines whether acantholysis
is seen or not.
The genetic background of DDD has
been linked to the Keratin 5 (KRT5)
gene in genome-wide linkage analysis
in two families with the loss-of-function
mutation, c.418dupA (p.Ile140AsnfsX39;
Betz et al., 2006). Further mutations in
the KRT5 gene in DDD have been
reported afterwards (Liao et al., 2007;
Guo et al., 2011). It has to be empha-
sized that by far not in all patients
with DDD a KRT5 mutation could be
revealed (Asahina et al., 2007). The
mutation c.418dupA was found in eight
further patients, two of them having been
diagnosed as GGD (Hanneken et al.,
2010). By correlating genotypes with
phenotypes it has been documented
that patients with the KRT5 mutation
c.418dupA present reticular hyperpig-
mentation in the flexural areas, whereas
in patients with a more disseminated
pattern consisting of hyperpigmented
lentiginous maculae this mutation could
not be found. Sprecher et al. (2007)
identified a mutation in the KRT5 gene,
cT2C (p.M1?), which leads to haplo-
insufficiency of keratin 5 (K5) in a patient
with GGD. This prompted the assump-
tion that the two entities reflect clinical
and histological variants of the same
disease spectrum (Sprecher et al., 2007).
We describe a 44-year-old woman
with a 4-year history of patchy hyper-
pigmented, slightly scaly, sharply de-
marcated macules on her left thigh
showing a segmental arrangement
(Figure 1a and b). The macules were
completely asymptomatic. No blister-
ing was reported. The skin between the
brownish macules appeared to be
normal. General skin examination re-
vealed no pathologic findings. In parti-
cular, the skin folds were not involved.
She had two unaffected children, 7 and
9 years old. Her younger sister and her
parents were not affected either. In light
microscopy, the typical GGD features
were demonstrated in the affected area,
notably acantholysis, down growing of
rete ridges, hyperpigmentation of basal
keratinocytes, and hyperparakeratosis
(Figure 2a). By electron microscopy,
only perilesional areas and no proper
blister regions were available for in-
vestigation and revealed acantholysis in
suprabasal keratinocytes (Figure 2b).
There was no evidence for cytolysis in
basal keratinocytes, which is normally
present in epidermolysis bullosa sim-
plex (EBS) blisters.
Because our patient showed a seg-
mental arrangement of brownish
macules without generalized affection,
we assumed that she has a type 1
segmental inherited disease. To explain
segmental disorders in monogenic traits,
a type 1 and type 2 segmental manifesta-
tion have been proposed (Happle, 1993,
1996). In autosomal dominant disorders,
a type 1 segmental involvement reflects
a postzygotic mutation in an otherwise
genetically healthy embryo, whereas a
Abbreviations: DDD, Dowling-Degos disease; EBS, epidermolysis bullosa simplex; GGD, Galli-Galli
disease; K5, Keratin 5; KRT5, Keratin 5 gene; LDM, laser dissection microscopy; OMIM, Online
Mendelian Inheritance in Man
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